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Stim1 and Orai1 are ubiquitous proteins that have long been known to mediate Ca2+
release-activated Ca2+ (CRAC) current (ICRAC) and store-operated Ca2+ entry (SOCE)
only in non-excitable cells. SOCE is activated following the depletion of the endogenous
Ca2+ stores, which are mainly located within the endoplasmic reticulum (ER), to replete
the intracellular Ca2+ reservoir and engage specific Ca2+-dependent processes, such
as proliferation, migration, cytoskeletal remodeling, and gene expression. Their paralogs,
Stim2, Orai2 and Orai3, support SOCE in heterologous expression systems, but their
physiological role is still obscure. Ca2+ inflow in neurons has long been exclusively
ascribed to voltage-operated and receptor-operated channels. Nevertheless, recent
work has unveiled that Stim1–2 and Orai1-2, but not Orai3, proteins are also expressed
and mediate SOCE in neurons. Herein, we survey current knowledge about the neuronal
distribution of Stim and Orai proteins in rodent and human brains; we further discuss that
Orai2 is the main pore-forming subunit of CRAC channels in central neurons, in which
it may be activated by either Stim1 or Stim2 depending on species, brain region and
physiological stimuli. We examine the functions regulated by SOCE in neurons, where
this pathway is activated under resting conditions to refill the ER, control spinogenesis
and regulate gene transcription. Besides, we highlighted the possibility that SOCE also
controls neuronal excitation and regulate synaptic plasticity. Finally, we evaluate the
involvement of Stim and Orai proteins in severe neurodegenerative and neurological
disorders, such as Alzheimer’s disease and epilepsy.
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Introduction
Neurons possess a highly developed Ca2+ machinery that delivers a multitude of Ca2+ signals
precisely tailored at regulating speciﬁc neuronal functions (Berridge, 1998). As virtually any other
cell type (Clapham, 2007; Moccia et al., 2014c), neurons use both intra- and extracellular Ca2+
sources which may interact to control Ca2+-dependent processes (Berridge, 1998). Ca2+ inﬂow
from the external milieu is mediated by voltage-operated Ca2+ channels (VOCCs) or by receptor-
operated channels (ROCs; Figure 1), such as the glutamate-sensitive N-methyl-D-aspartate
receptors (NMDARs; Catterall, 2011; Paoletti et al., 2013). The main endogenous Ca2+ pool
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FIGURE 1 | The neuronal Ca2+ signalling toolkit. Neuronal Ca2+ signals are
shaped by the interaction between Ca2+ inflow from the outside and Ca2+
mobilization from the endoplasmic reticulum (ER), their most abundant
endogenous Ca2+ pool. At excitatory synapses, the signaling cascade is
initiated when glutamate is released into the synaptic cleft. Glutamate binds to
receptor-operated channels, such as α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptors (AMPARs) and N-methyl-D-aspartate
receptors (NMDARs), and to metabotropic receptors, such as type 1
metabotropic glutamate receptors (mGluR1). AMPAR gates Na+ entry, thereby
causing the excitatory postsynaptic potential (EPSP) that removes the Mg2+
block from NMDAR , enabling it to open in response to Glu and to mediate
Ca2+ inflow. Moreover, the EPSP recruits an additional pathway for Ca2+ entry
by activating voltage-operated Ca2+ channels (VOCCs). Outside the
postsynaptic density is located mGluR1, that is coupled to PLCb by a trimeric
Gq protein and, therefore, leads to inositol-1,4,5-trisphosphate (InsP3)
synthesis. InsP3, in turn, induces Ca2+ release from ER by binding to and gating
the so-called InsP3 receptors (InsP3Rs). ER-dependent Ca2+ discharge also
involves ryanodine receptors (RyRs) which are activated by Ca2+ delivered
either by adjoining InsP3Rs or by plasmalemmal VOCs or NMDARs according to
the process of Ca2+-induced Ca2+ release (CICR). An additional route for Ca2+
influx is provided by store-operated Ca2+ entry, which is mediated by the
interaction between the ER Ca2+-sensors, Stim1 and Stim2, and the
Ca2+-permeable channels, Orai1 and Orai2. As more extensively illustrated in
the text, depending on the species (rat, mouse, or human) and on the brain
region (cortex, hippocampus, or cerebellum), Stim and Orai isoforms interact to
mediate Ca2+ entry either in the presence or in the absence of synaptic activity
to ensure adequate replenishment of ER Ca2+ loading and engage in
Ca2+-sensitive decoders.
is provided by the endoplasmic reticulum (ER), a continuous
endomembrane structure that extends from cell soma toward
pre-synaptic terminals, axons, dendrites, and dendritic spines
(Berridge, 1998). ER-dependent Ca2+ release is accomplished
by inositol-1,4,5-trisphosphate (InsP3) receptors (InsP3Rs) or by
ryanodine receptors (RyRs), which discharge Ca2+ in response
to InsP3 and Ca2+ itself, respectively, according to the mech-
anism of Ca2+-induced Ca2+ release (CICR; Berridge, 1998;
Verkhratsky, 2005; Figure 1). Capacitative calcium entry (CCE)
or store-operated Ca2+ entry (SOCE) represents a peculiar mode
of Ca2+ entry, which is activated following depletion of the
ER Ca2+ pool in non-excitable cells (Parekh and Putney, 2005;
Abdullaev et al., 2008; Sánchez-Hernández et al., 2010; Di Buduo
et al., 2014; Moccia et al., 2014b). This pathway has been exten-
sively investigated in immune cells where it is mediated by highly
Ca2+-selective Ca2+ release-activated Ca2+ (CRAC) channels
(Hogan et al., 2010; Shaw et al., 2013). The Ca2+ current carried
by CRAC channels has been termed ICRAC and is responsible for
reﬁlling the ER Ca2+ store after agonist-induced Ca2+ mobiliza-
tion (Parekh and Putney, 2005; Potier and Trebak, 2008; Parekh,
2010; Moccia et al., 2012, 2014b); additionally, ICRAC delivers
a Ca2+ signal that is spatially restricted to the sub-membranal
domain and recruits speciﬁc Ca2+-dependent decoders (Parekh
and Putney, 2005; Parekh, 2010; Dragoni et al., 2011; Moccia
et al., 2012). Stromal interaction molecule 1 (Stim1) is the ER
Ca2+ sensor activating CRAC channels on the plasmamembrane
(PM; Roos et al., 2005; Zhang et al., 2005), whereas Orai1 is
the pore forming component of CRAC channels (Feske et al.,
2006; Vig et al., 2006; Yeromin et al., 2006). SOCE has long
been thought to be absent or negligible in neurons (Putney,
2003), which gain easy access to the virtually inﬁnite extracel-
lular Ca2+ reservoir through VOCCs and ROCs. Nevertheless,
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earlier work demonstrated that a functional SOCE was present in
hippocampal CA1 and CA3 pyramidal neurons (Emptage et al.,
2001; Baba et al., 2003) and dentate granule cells (Baba et al.,
2003). These studies showed that SOCE reﬁlls endogenous Ca2+
stores, governs spontaneous neurotransmitter release, and reg-
ulates both short and long-term synaptic plasticity in central
nervous system (CNS). Moreover, a defective SOCE was associ-
ated to severe neurodegenerative disorders, such as Huntington’s
disease (HD; Wu et al., 2011), Alzheimer’s disease (AD; Leissring
et al., 2000; Yoo et al., 2000), and spongiform encephalopathies
(Lazzari et al., 2011). It is, therefore, not surprising that Stim
and Orai proteins have been discovered in both cultured neu-
rons and brain sections and found to play a relevant role for
synaptic transmission and higher cognitive functions (Berna-
Erro et al., 2009; Klejman et al., 2009; Skibinska-Kijek et al.,
2009; Keil et al., 2010; Ng et al., 2011; Steinbeck et al., 2011;
Henke et al., 2013; Hartmann et al., 2014; Korkotian et al., 2014;
Lalonde et al., 2014). Herein, we aim at providing a concise
overview about the distribution and functions of Stim and Orai
proteins in central neurons by focussing on their role in the main-
tenance of ER Ca2+ concentration ([Ca2+]ER), in the forma-
tion and maturation of dendritic spines and in gene expression.
We also analyze the evidence in favor of Stim and Orai acti-
vation during synaptic stimulation and of their contribution
to synaptic plasticity. Finally, we discuss their involvement
in AD and other brain disorders, which hints at neuronal
SOCE as a novel therapeutic target for neurodegenerative
diseases.
Molecular and Biophysical
Characteristics of Stim and Orai
Proteins
Mammals have two Stim proteins (Stim1 and Stim2, sequence
similarity∼65%) and three Orai proteins (Orai1–Orai3, sequence
similarity ∼89%). Stim isoforms are expressed in almost all
mammalian tissues and are highly conserved from Drosophila
melanogaster to humans. Stim1 is a type I transmembrane (TM)
protein of 685 amino acids embedded either in ER membrane
or on the PM where it is targeted after N-glycosylation of
Asn131 and Asn171 (Manji et al., 2000; Williams et al., 2002).
Stim1 possesses an intraluminal region of ∼22 kDa after cleav-
age of its signal sequence, a single TM segment, and a cytoso-
lic domain of about 51 kDa (Shim et al., 2015; Figure 2A).
The ER-luminal portion contains a canonical EF-hand domain
(cEF), which serves as ER Ca2+-sensor, and a sterile alpha-motif
(SAM) domain required for protein–protein interaction. A hid-
den, non-canonical EF-hand domain (hEF), unable to bind Ca2+,
is also present between cEF and SAM (Figure 2A). The cytosolic
domain comprises three coiled-coil (CC) regions (CC1-CC2-
CC3), which overlap with an ezrin-radixin-moesin (ERM) motif,
a serine/proline-rich (S/P) sequence and a polybasic lysine rich
(K-rich) domain. In addition, the ERM domain presents crucial
Orai-activating regions, which have been termedOrai1-activating
small fragment (OASF), CRAC-activating domain (CAD), or
Stim1–Orai1 activating region (SOAR), and include CC2 and
FIGURE 2 | Topology and predicted domains of Stim1 and Orai1. (A)
Stim1 comprises a signal peptide (Sig), a canonical EF-hand (cEF) domain, a
hidden EF (hEF) domain, a sterile alpha motif (SAM), a transmembrane
domain (TM), three coiled-coil domains (CC1, CC2, CC3), CAD, SOAR,
serine/proline-rich domain (S/P), and lysine-rich domain (K-rich). (B) Each
Orai1 monomer consists of four transmembrane domains (TM1U˝TM4) and
presents CAD binding domains in the cytosolic NH2 and COOH termini. E106
is the residue crucial for conferring Ca2+-selectivity to the channel pore.
CC3 (Figure 1; Shim et al., 2015; Figure 2A). When ER Ca2+
concentration falls below a threshold level due to InsP3R or
RyRs activation, Ca2+ dissociates from cEF, thereby causing the
unfolding of the adjacent EF-SAM domains and Stim1 multi-
merization (Figure 3). Stim1 oligomers rapidly redistribute to
peripheral ER sites, termed puncta, in close proximity to PM,
bind to and activate Orai1 (Potier and Trebak, 2008; Shim et al.,
2015). Orai1, in turn, is a 33 kDa protein with a tetraspanin
PM topology and cytosolic NH2- and COOH-tails (Figure 2B).
Orai1 is composed of 301 amino acids, both NH2 and COOH
termini reside in the cytoplasm, and each of them has been
implicated as a critical accessory region in Orai1 activation
via direct interactions with Stim1. Ca2+ inﬂux is indeed gated
by the physical interaction between an NH2-terminal domain
proximal to the ﬁrst TM alpha-helix of Orai1 and a COOH-
terminal CC domain of the channel protein with CC2 and
CC3 on Stim1 (Potier and Trebak, 2008; Shim et al., 2015).
The channel pore is exclusively lined by TM1 with the residue
E106 acting as crucial determinant of its high Ca2+-selectivity
(Figure 2B). The crystal structure of Drosophila Orai1 revealed
a hexameric structure, while the optimal Stim:Orai1 subunit sto-
ichiometry seems to be 2:1 (Shim et al., 2015). Stim1 and Orai1
have clearly been established as the building blocks of SOCE.
Stim1- and Orai1-mediated Ca2+ current displays biophysical
features similar to those of the ICRAC recorded in hematopoi-
etic cells (Prakriya, 2009), i.e., non-voltage activation, strong
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FIGURE 3 | Current model of the mechanistic coupling between Stim1
and Orai1. In the absence of extracellular stimulation, Stim1 is uniformly
distributed throughout ER membrane. Upon agonist (in this case, glutamate or
Glu)-dependent PLCb activation, InsP3 is produced thereby depleting the
InsP3-sensitive Ca2+ stores. Consequently, Ca2+ dissociates from Stim1
NH2-terminal cEF domain, resulting in SAM-mediate Stim1 oligomerization and
translocation into punctate clusters in regions closely apposed to the plasma
membrane. Herein, Stim1 binds to and gates Orai1 through physical interaction
between, respectively, their CC domains (CC2 and CC3) and CAD binding
domains, thereby activating SOCE.
inward rectiﬁcation, reversal potential (Erev) > +60 mV, perme-
ability to Ca2+, but not to other monovalent cations, fast and
slow Ca2+-dependent inactivation, and a single-channel con-
ductance in the order of femtosiemens (fS; Table 1; Parekh and
Putney, 2005; DeHaven et al., 2007; Lis et al., 2007; Parekh,
2010). Albeit the single channel conductance of Orai1 is ∼1000
fold lower than VOCCs, the ICRAC is exclusively carried by
Ca2+ and engenders membrane-restricted Ca2+ microdomains
where [Ca2+]i reaches levels orders of magnitude higher than
those achieved in the bulk cytoplasm (Parekh, 2010, 2011).
This enables SOCE to regulate a multitude of Ca2+-dependent
eﬀectors that already reside within a few nanometer of the
channel pore or are brought nearby upon store depletion,
thereby allowing the formation of novel membrane-delimited
signaling complexes (Kar et al., 2014). In addition to reﬁll-
ing peripheral ER juxtaposed to PM, the ICRAC controls cell
functions as diverse as nitric oxide (Berra-Romani et al., 2013)
and arachidonic acid (Chang and Parekh, 2004) production,
gene expression (Dragoni et al., 2011; Kar et al., 2012), cell
cycle progression (Courjaret and Machaca, 2012; Moccia et al.,
2012), mitochondrial Ca2+ uptake and bioenergetics(Landolﬁ
et al., 1998; Lodola et al., 2012), exocytosis (Fanger et al.,
1995), and programmed cell death or apoptosis (Dubois et al.,
2014).
A second Stim isoform, predominantly present in neurons,
has been identiﬁed in mammals (Schuhmann et al., 2010). Stim2
has an open reading frame of 833 amino acids and presents
speciﬁc homologous regions to Stim1 within both luminal and
TABLE 1 | Biophysical properties of Orai1, Orai2, and Orai3.
Orai1 Orai2 Orai3
Store-operated Yes Yes Yes
Erev > +60 mV > +60 mV > +60 mV
I–V relationship Inward rectification Inward rectification Inward rectification
PCa2+/Na+ >1,000 >1,000 >1,000
Monovalent permation in divalent-free solution Moderate Moderate Strong
Single-channel conductance 9–24 fS in 2-10 mM Ca2+ ND: likely in the fS range ND: likely in the fS range
Fast Ca2+-dependent inactivation Moderate Moderate Strong
Slow Ca2+-dependent inactivation Strong None None
Erev, reversal potential; PCa2+/PNa+, Ca2+/Na+ permeability ratio; I–V relationship, current-to-voltage relationship; ND, not determined. Data obtained from DeHaven
et al. (2007), Lis et al. (2007), Hoth and Niemeyer (2013).
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cytosolic domains, although it does not localize on the PM.
The regions that present greater homology between the two
proteins include the previously mentioned SAM domain, the
EF-hand motif, the three CC domains, two cysteine residues
within the luminal domains and the K-rich domain altogether
with the S/P-rich sequence. Furthermore, both Stim1 and Stim2
possess a single-pass TM region (Hoth and Niemeyer, 2013).
However, Stim1 contains a 22-aminoacid ER-signal peptide
sequence at the NH2-terminus, while Stim2 requires a longer ER-
localization peptide (i.e., residues 1–101; Graham et al., 2011;
Hoth and Niemeyer, 2013). Moreover, Stim2 displays a lower
Ca2+-sensing aﬃnity as related to Stim1 by virtue of three
amino acid substitutions in cEF. This feature renders Stim2
able to detect smaller decreases in intraluminal Ca2+ with an
EC50 of 406 μM compared to 210 μM for Stim1 (Hoth and
Niemeyer, 2013). As a consequence, while Stim1 triggers SOCE
during extracellular stimulation, Stim2 gates constitutive Ca2+
inﬂow in quiescent cells (Brandman et al., 2007). Two addi-
tional homologs of Orai1 gene, Orai2 and Orai3, were found in
mammals with Orai3 apparently evolving directly from Orai1
rather than Orai2. Recent reviews have detailed the structural
and biophysical features of these isoforms (Shuttleworth, 2012;
Hoth and Niemeyer, 2013). Although the three Orai proteins
display divergent NH2-terminal sequences, the amino acid align-
ment evidenced a near complete conservation within the pore-
lining TM1 region, including an identical selectivity ﬁlter cor-
responding to E106 in Orai1. However, simple examination
of the overall sequences reveals several regions where there
are clear diﬀerences. Interestingly, both Orai2 and Orai3 lack
the extracellular consensus site for glycosylation. Furthermore,
Orai3 has the longest extracellular loop between TM3 and TM4
(21% sequence identity), and both Orai2 and Orai3 lack the
∼18 amino acid NH2-terminal hydrophilic stretch of Orai1,
which together with the nearby Orai1-speciﬁc proline-rich
domain mediate reactivation after fast Ca2+-dependent inacti-
vation (Shuttleworth, 2012; Hoth and Niemeyer, 2013). Both
Orai2 and Orai3 form CRAC channel when overexpressed with
Stim1 (DeHaven et al., 2007; Gwack et al., 2007; Lis et al.,
2007), but their physiological function remains unclear. Recent
evidence, however, suggested that Orai3 mediates the ICRAC
under pathological conditions, such as cancer and cardiac fail-
ure (Motiani et al., 2013; Saliba et al., 2015). The pore of both
Orai2 and Orai3 is selective for Ca2+ over Na+ and shows
the typically inwardly rectifying current-voltage relationship as
observed for the endogenous ICRAC (Shuttleworth, 2012; Hoth
and Niemeyer, 2013). Interestingly, fast Ca2+-dependent inacti-
vation is very prominent in Orai3 compared to Orai1 and Orai2,
whereas slow Ca2+-dependent inactivation is modest. Moreover,
all three Orai channels are potentiated by divalent cations with
a predilection for Ca2+ over Ba2+ and Mg2+. These diﬀerences
were smaller for Orai3 rather than for both other Orai chan-
nels (Shuttleworth, 2012; Hoth and Niemeyer, 2013; Table 1).
Furthermore, Orai3 can be activated by 2-aminoethoxydiphenyl
borate (2-APB), which in turn inhibits both Orai1 and Orai2
(Lis et al., 2007; Moccia et al., 2014a). 2-ABP-induced Orai3
activation is, however, independent on Stim1 (Yamashita et al.,
2011).
Stim and Orai Distribution in Rodent
and Human Brain Neurons
Stim1 and Stim2, as well as Orai1 and Orai2, are widely expressed
in rodent and human brains (Dziadek and Johnstone, 2007; Gross
et al., 2007; Gwack et al., 2007; Wissenbach et al., 2007; Berna-
Erro et al., 2009; Gruszczynska-Biegala et al., 2011; Steinbeck
et al., 2011; Hartmann et al., 2014). Stim1 and Stim2 pro-
teins are uniformly distributed throughout mouse brain. Stim1
reaches its higher level of expression in the molecular layer of
the cerebellum, albeit it is not more abundant than Stim2 in this
region (Table 2; Klejman et al., 2009; Skibinska-Kijek et al., 2009;
Hartmann et al., 2014). Stim2, in turn, is the predominant iso-
form in mouse hippocampus (Table 2; Berna-Erro et al., 2009;
Skibinska-Kijek et al., 2009), while the levels of Stim1 and Stim2
are similar in cortex, thalamus, and amygdala (Table 2; Skibinska-
Kijek et al., 2009; Hartmann et al., 2014). A careful inspection
of the regional distribution of Stim proteins in rat brains is still
lacking, yet, Stim2 mRNA is about twofold more abundant than
Stim1 in rat cortical and hippocampal neurons (Gruszczynska-
Biegala et al., 2011). Finally, Stim1 and Stim2 are also present
in human brain and display their highest expression levels in
cortex and hippocampus (Table 3; Steinbeck et al., 2011). At sub-
cellular level, Stim1 and Stim2 reside in the ER and are more
abundant in the cell body and in primary and secondary dendrites
of mouse cortical, hippocampal and Purkinje neurons (Klejman
et al., 2009; Skibinska-Kijek et al., 2009; Sun et al., 2014). Likewise,
ER-resident Stim1 is enriched at the post-synaptic densities in
rat hippocampal neurons, albeit it has also been identiﬁed on
the PM (Keil et al., 2010), as originally described in (Williams
et al., 2001). Finally, Stim1 expression increases during neuronal
development in vitro and reaches relatively high and stable levels
in mature neurons (Keil et al., 2010). The regional distribution
of Orai proteins has been evaluated only in mouse, in which
Orai1 is uniformly distributed throughout all the brain (Klejman
et al., 2009), albeit the overall expression of Orai2 is signiﬁcantly
higher and Orai3 is absent (Berna-Erro et al., 2009). Similar to
Stim1, Orai1 is subcellularly localized in the soma and primary
dendrites of mouse neurons (see below; Klejman et al., 2009).
Therefore, Stim and Orai proteins display a species- and region-
dependent pattern of neuronal expression, which could render
them capable of accomplishing speciﬁc tasks during cognitive
processes.
Evidence about Stim- and
Orai-Mediated Ca2+ Entry in Brain
Neurons
The interaction of the diverse Stim and Orai isoforms has been
investigated in primary cultures of neurons lacking either of
them (through knocked out mice or by the use of speciﬁcally
targeted siRNAs) or over-expressing Orai1 and/or yellow ﬂu-
orescent protein (YFP) or enhanced green ﬂuorescent protein
(EGFP)-tagged Stim proteins. These experiments have been con-
ducted on both mouse and rat neurons. Co-expressed Orai1
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TABLE 2 | Distribution of Stim and Orai in mouse brain.
SOCE component mRNA/protein Species Cerebellum Thalamus Hippocampus Cortex Amygdala
Stim1 Protein Mouse ++ + + + +
Stim2 Protein Mouse ++ + +++ ++ ++
Stim1/Stim2 Protein Mouse = = <1 = =
Orai1 mRNA Mouse + + + + +
Orai2 ND ND ND ND ND ND ND
Orai3 ND ND ND ND ND ND ND
Where available, data about protein expression were added. SOCE, store-operated Ca2+ entry. Data obtained from Klejman et al. (2009) and Skibinska-Kijek et al. (2009).
TABLE 3 | Distribution of Stim and Orai transcripts in human brain.
Protein Species Cerebellum Thalamus Hippocampus Cortex Amygdala
Stim1 Human + + ++ ++ +
Stim2 Human + + ++ ++ +
ND, not determined. Data obtained from Steinbeck et al. (2011). There are no data available regarding Stim1/Stim2 ratio and Orai1-3 expression.
and Stim1 (both in its YFP and GFP tagged forms) are evenly
distributed in the soma, primary dendrites and post-synaptic
dendritic spines of mouse cortical neurons, thereby conﬁrm-
ing the localization of the endogenous proteins (Klejman et al.,
2009; Ng et al., 2011). The pharmacological depletion of the ER
Ca2+ reservoir with thapsigargin, a selective SERCA inhibitor,
causes both Orai1 and Stim1 to redistribute and co-localize into
puncta-like clusters (Klejman et al., 2009; Ng et al., 2011), as
observed in non-excitable cells (Parekh, 2010; Moccia et al.,
2012; Shim et al., 2015). Moreover, thapsigargin-induced Ca2+
release elicits a robust Ca2+ inﬂow in post-synaptic dendrites (Ng
et al., 2011). Surprisingly, the physiological stimulation of type I
metabotropic glutamate receptors (mGluRs) and of muscarinic
receptors induces dendritic Ca2+ release and Ca2+ inﬂow in
mouse cortical neurons, but does not elicit the formation of Stim1
puncta. However, this treatment reduces Stim1 mobility, which is
compatible with Stim1 clusterization within post-synaptic spines
(Ng et al., 2011). Although Stim1 and Orai1 co-localize upon
ER depletion, they do not mediate SOCE in the mouse cor-
tex. Accordingly, SOCE is unaﬀected by the genetic deletion
of Stim1 and Orai1; conversely, it is absent in neurons from
Stim2-deﬁcient mice (Berna-Erro et al., 2009). Likewise, Stim2 is
essential to induce SOCE in mouse hippocampal neurons (Sun
et al., 2014), in which it is the most abundant isoform. These
studies imply that Stim2 regulates SOCE by coupling to Orai2
in mouse cortex and hippocampus, as recently demonstrated in
mouse dendritic cells (Bandyopadhyay et al., 2011). This model
is supported by the lack of Orai3 expression in mouse brain, but
future experiments are mandatory to assess whether Orai2 knock
down suppresses SOCE in mouse cortical and hippocampal neu-
rons. SOCE is sustained by an alternative molecular machinery
in mouse cerebellum: herein, SOCE is absent in Purkinje neu-
rons lacking Stim1 and Orai2, while it is not aﬀected by Orai1
knockdown (Hartmann et al., 2014). Overall, these ﬁndings sug-
gest that Orai2 provides the pore-forming subunit of CRAC
channels in mouse neurons and is regulated by Stim1 in cere-
bellum and by Stim2 in cortex and hippocampus. This model is
consistent with the fact that Stim1 and Stim2 are the most impor-
tant functional isoforms in mouse cerebellum and hippocampus,
respectively. The data available regarding the molecular com-
position of SOCE in mouse neurons have been summarized in
Table 4.
The scenario is diﬀerent in rat cortex and hippocampus,
which clearly show higher levels of Stim2 as compared to Stim1.
Ca2+ store depletion with thapsigargin reversibly enhances the
association of endogenous Stim1 and Stim2 with the PM in
cortical neurons; however, when the cells are co-transfected
with either Stim1 and Orai1 or Stim2 and Orai1, this treat-
ment increases the number of Stim1–Orai1 puncta more than
nine-fold, while it does not signiﬁcantly stimulate Stim2 redistri-
bution into sub-membranal clusters (Gruszczynska-Biegala et al.,
2011). Similarly, Stim1 rapidly relocates from the bulk ER to the
TABLE 4 | The molecular components of store-operated Ca2+ entry in different species and brain regions.
Species Brain region SOCE machinery Reference
Mouse Cortex SOCE is mediated by Stim2 and, presumably, Orai2; it is
present in Stim1 and Orai1-deficient neurons
Berna-Erro et al. (2009)
Hippocampus SOCE is mediated by Stim2 and, presumably, Orai2 Sun et al. (2014)
Cerebellum SOCE is mediated by Stim1 and Orai2; it is present in
Orai1-deficient neurons
Hartmann et al. (2014)
Rat Cortex and hippocampus SOCE is triggered by either Stim1 (when is activated by
massive store depletion) or Stim2 (basal Ca2+ entry); Orai1
is the channel pore subunit in both cases
Gruszczynska-Biegala et al. (2011)
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periphery in both somatic and dendritic compartments of hip-
pocampal neurons in response to thapsigargin (Keil et al., 2010).
These data indicate that Stim1, but not Stim2, is activated fol-
lowing massive emptying of the ER Ca2+ reservoir: in other
words, Stim1 is predicted to sustain SOCE during heavy extra-
cellular stimulation in rat neurons. Conversely, Stim2 is activated
and aggregates into discrete puncta in the absence of extracellu-
lar Ca2+, an artiﬁcial condition which leads to the progressive
depletion of the ER Ca2+ reservoir and recruitment of a consti-
tutive Ca2+ entry pathway to compensate Ca2+ leakage into the
external milieu (Gruszczynska-Biegala et al., 2011). Therefore,
Stim2 fulﬁlls the double function to regulate resting Ca2+ inﬂow
and maintain ER Ca2+ levels in rat neurons. Consistent with
these observations, co-expressing Orai1 with Stim1 causes a sta-
tistically relevant elevation in SOCE, whereas transfecting the
neurons with Orai1 and Stim2 enhances both constitutive Ca2+
inﬂux and resting Ca2+ levels (Gruszczynska-Biegala et al., 2011).
Likewise, a recent study from the same group has demonstrated
that a small drop in ER Ca2+ levels induces the formation of
hetero-complexes between endogenous Stim2 and Orai1 proteins
in primary cortical neurons, thereby reﬁlling the intracellular
Ca2+ stores (Gruszczynska-Biegala and Kuznicki, 2013). Thus,
Stim2 and Stim1 play distinct roles in Ca2+ homeostasis in
rat neurons by converging on Orai1 to mediate SOCE, respec-
tively, in response to extracellular stimulation and under resting
conditions (Table 4).
SOCE Controls Spine Morphology in
Brain Neurons
The role of Stim1- and Stim2-mediated SOCE in brain neu-
rons has just begun to be deciphered. Available information
regards the involvement of neuronal SOCE in the control of spine
architecture, ER Ca2+ content, and gene expression in mouse.
Post-synaptic dendritic spines are the primary recipient of excita-
tory inputs in most central neurons and may be broadly classiﬁed
into three groups depending on their morphology: mushroom
spines, thin spines, and stubby spines (Sala and Segal, 2014).
Long-term potentiation (LTP) leads to a structural shift from
thin to mushroom spines, while long-term depression (LTD)
causes spine retraction or shrinkage (Bourne and Harris, 2007).
It has, therefore, been suggested that thin spines are “learning
spines” that function during memory formation, while mush-
room spines serve as “memory spines” that store the memory of
past synaptic activity (Bourne and Harris, 2007; Matsuzaki, 2007).
As mentioned above, Stim1, Stim2, and Orai1 proteins have
been identiﬁed in dendritic spines in mouse cortical, hippocam-
pal, and Purkinje neurons (Klejman et al., 2009; Skibinska-Kijek
et al., 2009; Hartmann et al., 2014; Korkotian et al., 2014; Sun
et al., 2014). Stim1 and Orai1 are preferentially located to mush-
room spines by synaptopodin (SP), an actin-binding protein that
controls both Ca2+ release and SOCE in these compartments
(Korkotian et al., 2014; Segal and Korkotian, 2014). SP-dependent
Ca2+ signaling controls spine head enlargement during LTP in
the CA1 region of the hippocampus and drives important cog-
nitive processes, such as spatial learning (Deller et al., 2003;
Korkotian et al., 2014). Particularly, SP potentiates glutamate-
induced Ca2+ release in dendritic spines of cultured hippocampal
neurons (Vlachos et al., 2009). SP has recently been postulated
to regulate activity-dependent Ca2+ signals by recruiting Stim1
and Orai1 to the post-synaptic density (Korkotian et al., 2014;
Segal and Korkotian, 2014). However, there is no evidence that
the genetic deletion of Stim1 and/or Orai1 interferes with SP-
dependent increase in the Ca2+ response to glutamate.Moreover,
it is not clear whether Stim1 and Orai1 mediate SOCE in mouse
hippocampus at all. It is conceivable that Stim1 and Orai1 regu-
late processes other than the ICRAC in this context by interact-
ing with additional molecular partners. For instance, Stim1 is
coupled to Ras homolog gene family, member A (RhoA) acti-
vation and stress ﬁber formation in microvascular endothelial
cells (Shinde et al., 2013). Future work might assess whether
Stim1 directly drives F-actin polymerization during spine mor-
phogenesis in mouse hippocampus with or without Orai1 inter-
vention. The consequent expansion of spine-associated ER could
underpin the reported increase in glutamate-induced Ca2+ sig-
nals or regulate synaptically triggered biochemical cascades.
Alternatively, Stim1might be recruited by SP to the post-synaptic
density to activate transient receptor potential (TRP) Canonical
3 (TRPC3), as shown in mouse cerebellar Purkinje neurons
(Hartmann et al., 2014). TRPC3 presents a sizeable Ca2+ per-
meability and could contribute to the overall increase in [Ca2+]i
elicited by glutamate in dendritic spines (Hartmann et al., 2014).
Finally, Stim1 could prevent cytotoxic Ca2+ overload by inhibit-
ing voltage-dependent Ca2+ entry with or without Orai1 contri-
bution, as extensively illustrated below (see paragraph entitled
“Stim1 interaction with voltage-operated Ca2+ channels”). It
is, therefore, clear that more work is required to fully under-
stand the structural and functional relationships between SP,
Stim1 and Orai1. While the role of Stim1 and Orai1 in the
control of spine architecture is still uncertain, Stim2-mediated
SOCEmaintains mushroom spine structure in mouse hippocam-
pus both in vitro and in vivo (Sun et al., 2014). Continuous
Ca2+ inﬂow via Stim2-regulated store-operated channels engages
Ca2+/calmodulin-dependent protein kinase II (CaMKII) to sup-
port long-term stabilization of mushroom spines even in the
absence of synaptic activity (Sun et al., 2014). This ﬁnding is
consistent with the notion that Stim2 controls SOCE in mouse
hippocampus (see above); however, the ﬁnding that this pathway
may also be activated under resting conditions, i.e., in non-ﬁring
neurons, deserves further consideration.
Constitutive SOCE Maintains ER Ca2+
Levels in Brain Neurons
Ca2+ inﬂux into dendritic spines is normally attributed to
VOCCs and ROCs (Catterall, 2011; Paoletti et al., 2013), which
operate during synaptic transmission, but are silent at rest
(Hooper et al., 2014). It has long been known that neuronal ER
Ca2+ store is partially emptied even in quiescent neurons and is
replenished by a voltage-independent Ca2+ entry pathway that
is active at subthreshold membrane potentials (Garaschuk et al.,
1997; Usachev and Thayer, 1997; Verkhratsky, 2005). Stim1 and
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Stim2 are both suited to detect these small drops in ER Ca2+
levels and mediate SOCE in resting brain neurons. As a matter
of fact, SOCE is the most proper route to redirect extracellu-
lar Ca2+ into the cytosol of non-ﬁring neurons, as Ca2+ ﬂux
through Orai channels is tightly regulated by the electrochemi-
cal gradient across PM: at hyperpolarized membrane potentials,
the driving-force sustaining Ca2+ inﬂow through Orai2 (i.e., the
putative neuronal Orai isoform in mouse) is enhanced, thereby
favoring resting Ca2+ entry and stimulating SOCE-dependent
downstream targets. As described in the paragraph “Evidence
about Stim- and Orai-mediated Ca2+ entry in brain neurons,”
this mechanism is triggered by Stim2 (i.e., the hippocampal Stim
isoform) in order to reﬁll the ER Ca2+ store in cortical neu-
rons (Berna-Erro et al., 2009) and sustain spine morphogenesis in
mouse hippocampal neurons (Sun et al., 2014). Similarly, Stim1
(i.e., the cerebellar Stim isoform) and Orai2 interact to recharge
the ER Ca2+ store in mouse Purkinje neurons (Hartmann
et al., 2014). Accordingly, the genetic deletion of Stim1 and
Orai2 depletes the ER Ca2+ pool at resting membrane potential
(VM), thereby abrogating InsP3- and mGluR1-dependent intra-
cellular Ca2+ release and impairing cerebellar motor behavior
(Hartmann et al., 2014). It is presumable that resting SOCEmain-
tains [Ca2+]i and ER Ca2+ levels also in the hippocampus, but
this hypothesis remains to be experimentally probed.
SOCE Controls Gene Expression in
Brain Neurons
Basal SOCE does not only modulate spinogenesis and ER Ca2+
levels; it also drives gene transcription in mouse cerebellar gran-
ule cells (Lalonde et al., 2014). Sp4 is a neuron transcription
factor that governs the expression of multiple tissue-speciﬁc and
housekeeping genes and is implicated in memory formation and
behavioral processes relevant to psychiatric disorders (Zhou et al.,
2005; Pinacho et al., 2011). Stim1 is activated in hyperpolarized
(i.e., quiescent) granule cells by the partial depletion of the ER
Ca2+ pool and relocates into sub-membranal puncta that are jux-
taposed to both Orai1 and Orai2. The resulting SOCE triggers
Sp4 ubiquitylation and proteasomal degradation, but does not
stimulate cAMP response element-binding protein (CREB) phos-
phorylation. Moreover, membrane depolarization (i.e., synaptic
activity) reﬁlls ER Ca2+ load, thereby dismantling Stim1 puncta,
deactivating SOCE and, ultimately, restoring Sp4 abundance
(Lalonde et al., 2014). This study did not examine which Orai
isoform mediates SOCE, but Orai2 is the most likely candidate
(Hartmann et al., 2014). Furthermore, future investigations will
have to assess if this mechanism is deranged in schizophrenia,
in which Sp4 down-regulation is associated to disease symp-
toms (Pinacho et al., 2011; Hooper et al., 2014). We should,
however, point out that Stim1-dependent regulation of Sp4 repre-
sents a novel mode of excitation-transcription coupling in central
neurons. Herein, Ca2+-dependent transcription factors, includ-
ing CREB, downstream regulatory element antagonist modulator
(DREAM), nuclear factor of activated T cells (NFATs) and nuclear
factor-κb (NF-κB), are usually activated by membrane depolar-
ization, rather than hyperpolarization (Hagenston and Bading,
2011). The presence of a basal SOCE endows neurons with two
potentially distinct sources of Ca2+ to regulate gene expression
in a timely manner: VOCCs and ROCs, which act during synap-
tic transmission and at depolarized VM, and SOCE, which occurs
at resting VM (Figure 1). We cannot rule out the possibility that
other yet unknown transcription factors are selectively activated
by the constitutive inﬂux of Ca2+ via store-operated channels in
brain neurons. This would permit them to activate or de-activate
the expression of two distinct sets of genes depending on the
extent of membrane excitation (i.e., synaptic activity).
Evidence that SOCE Controls Neuronal
Ca2+ Dynamics during Synaptic
Excitation
Overall, available evidence indicates that Stim1 (in mouse cere-
bellum) and Stim2 (in mouse cortex and hippocampus) activate
Orai2 to mediate SOCE in silent neurons to regulate spine mor-
phogenesis, preserve ER Ca2+ levels and tune gene expression.
However, SOCE could also play a role during neuronal excitation.
Even a single synaptic stimulus fully depletes the ER Ca2+ pool
in dendritic hippocampal spines (Emptage et al., 1999) and has,
therefore, the potential to further stimulate Stim1 and Stim2 in
ﬁring neurons. Consistently, Stim1 was recently found to activate
TRPC3 and mediate mGluR1-dependent slow excitatory post-
synaptic potentials in mouse Purkinje neurons (Hartmann et al.,
2014). Earlier work showed that SOCE contributes to elevate
dendritic Ca2+ concentration during tetanic stimulation and par-
ticipates to LTP generation at Schaﬀer collateral-CA1 synapses
in hippocampal slices (Baba et al., 2003). Unfortunately, there
are no studies in Stim- or Orai-deﬁcient neurons to support this
contention at molecular level. As aforementioned, Stim1 ablation
prevents the Ca2+ response to synaptic stimulation in cerebel-
lar Purkinje neurons, but this is due to previous depletion of
the ER Ca2+ pool (Hartmann et al., 2014). If SOCE is basally
activated to maintain ER Ca2+ concentration, it is very likely
that the genetic disruption of its constituents will always depress
Ca2+ transients independently on the role played by SOCE dur-
ing the synaptic response.We predict that short-term incubations
with speciﬁc Orai inhibitors could unveil whether and how SOCE
modulates Ca2+ dynamics in ﬁring neurons (for a list of selective
blockers, see Parekh, 2010; Moccia et al., 2014a). SOCE could be
relevant to dictate the polarity, i.e., LTD vs. LTP, of the changes
in synaptic plasticity. For instance, low (bursts < 250 ms) and
high frequency (bursts > 250 ms) mossy ﬁber discharge induce,
respectively, LTD and LTP by activating two distinct patterns
of post-synaptic Ca2+ signals in cerebellar granule cells. A low
increase in [Ca2+]i generated by VOCCs and NMDA receptors
elicits LTD, while a sustained elevation in [Ca2+]i associated to
mGluR1 stimulation results in LTP (Gall et al., 2005). One might
hypothesize that SOCE is selectively engaged during high, but
not low, frequency transmission, due to the larger depletion of
the ER Ca2+ pool. As a consequence, SOCE would participate
to the increase in post-synaptic [Ca2+]i that triggers the phos-
phorylation cascade culminating in LTP induction (Higley and
Sabatini, 2012). This hypothesis is consistent with the physical
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coupling of Orai channels with their downstream Ca2+-sensitive
decoders. For instance, Stim1-, Stim2-, and Orai1-dependent
Ca2+ entry stimulate CaMKII and extracellular-signal regulated
kinase (ERK), which are required for LTP expression and main-
tenance, respectively (Parekh, 2009; Voelkers et al., 2010; Lüscher
and Malenka, 2012; Sun et al., 2014; Umemura et al., 2014).
Moreover, SOCE could control spine extension not only in silent
neurons, but also during synaptic stimulation. We predict that
future investigation will provide more insights on the impact
of Stim and Orai proteins on short- and long-term synaptic
plasticity.
Stim1 Interaction with
Voltage-Operated Ca2+ Channels
Stim1 does not only associate with Orai1 and Orai2 (and
TRPC3) in brain neurons. CaV1.2 (α1C)mediates L-type voltage-
operated Ca2+ currents in cortex, hippocampus, cerebellum and
neuroendocrine system (Cahalan, 2010). Recent work demon-
strated that Stim1 regulates CaV1.2 expression and activity in
rat cortical neurons (Harraz and Altier, 2014). Store deple-
tion causes ER-resident Stim1 to relocate in close proximity
to PM: herein, Stim1 CAD strongly interact with the COOH-
terminus of CaV1.2, thereby attenuating L-type Ca2+ currents
(Park et al., 2010). In the longer term, Stim1 causes CaV1.2
internalization and this process leads to the complete loss of
functional CaV1.2 channels (Park et al., 2010). Similar results
were reported in A7r5 vascular smooth muscle cells, albeit
the acute eﬀect of Stim1 on CaV1.2-mediated Ca2+ entry is
remarkably stronger as compared to rat neurons. Furthermore,
Stim1 is trapped by Orai1 nearby CaV1.2 channels only in
A7r5 cells (Wang et al., 2010). Notably, this study assessed
that Stim2 does not interact with CaV1.2 and does not sup-
press voltage-operated Ca2+ inﬂux (Wang et al., 2010). More
recently, Stim1 was found to physically interact also with CaV3.1
(α1G), which mediates T-type VOCCs and is widely expressed
throughout the CNS (Cueni et al., 2009). Similar to CaV1.2,
Stim1 prevents the surface expression of CaV1.3, thereby pre-
venting any cytotoxic Ca2+ overload in contracting cells (Nguyen
et al., 2013). It is still unknown whether this mechanism oper-
ates also in brain neurons; however, these data confer Stim1
the ability to ﬁnely tune Ca2+ entry through diﬀerent mem-
brane pathways, as it promotes Ca2+ inﬂow through Orai
channels while blocks VOCCs. For instance, Stim1 activates
the ICRAC and fully inhibits VOCCs in Jurkat T cells (Park
et al., 2010), in which it reaches higher levels of expression
as compared to central neurons (Cahalan, 2010). The rela-
tively low abundance of Stim1 in brain neurons might explain
why it does not suppress voltage-operated Ca2+ inﬂux in these
cells. However, it might exert a profound impact on neuronal
Ca2+ homeostasis. Based on the data reported so far, the fol-
lowing scenario may be predicted. Intense synaptic activity
causes Stim1 to partially hinder VOCCs and activate Orai2
and Orai1 in mouse and rat neurons, respectively. This mecha-
nism would enable Stim1 to: (1) trigger SOCE-dependent path-
ways involved in LTP induction and expression (see paragraph
entitled “Evidence that SOCE controls neuronal Ca2+ dynamics
during synaptic excitation”) and/or (2) limit voltage-dependent
Ca2+ inﬂow, thereby preventing cytotoxic Ca2+ accumulation.
This hypothesis makes physiological sense as Orais are low-
conductance, Ca2+-selective channels tightly coupled to their
decoders (Parekh, 2010), while VOCCs are high-conductance
channels that generate global increases in [Ca2+]i (Cueni et al.,
2009; Catterall, 2011). At the same time, Stim1 interaction
with CaV1.2 and CaV1.3 could help understanding Stim1 and
Orai1 co-localization into puncta-like clusters upon ER deple-
tion in mouse hippocampal and cortical neurons. Herein, Stim1
could reduce voltage-operated Ca2+ entry during synaptic activ-
ity by decreasing CaV1.2 and CaV1.3 activity with (CaV1.3)
or without (CaV1.2) Orai1 contribution. This subtle regula-
tion of Ca2+ inﬂux could prevent detrimental Ca2+ entry into
ﬁring neurons and, therefore, it would be interesting to exam-
ine the interaction between Stim1 and VOCCs not only in
healthy neurons, but also in the presence of neurodegenerative
disorders.
The Involvement of SOCE in
Neurological Disorders
It is well-known that dendritic spines are eliminated or
compromised during aging and neurodegenerative disorders,
such as AD, thereby resulting in synaptic failure and mem-
ory loss (Bezprozvanny and Hiesinger, 2013; Popugaeva and
Bezprozvanny, 2013, 2014). These events have been associated to
the dysregulation of ER Ca2+ homeostasis: for instance, analysis
of familial AD (FAD)-causing mutations in presenilins (PSEN1
and PSEN2 genes) has revealed an increase in ER Ca2+ con-
centration that leads to a compensatory increase in InsP3R and
RyR expression and SOCE down-regulation (Bezprozvanny and
Hiesinger, 2013; Popugaeva and Bezprozvanny, 2013, 2014).
Indeed, SOCE has long been associated to FAD pathogenesis
in both cortical and hippocampal neurons (Yoo et al., 2000;
Ris et al., 2003); a recent study demonstrated that Stim2-
SOCE-CaMKII pathway is impaired in hippocampal neurons
isolated from the PS-1 M146V knock-in (KI) mouse model
of FAD. Derangement of Stim2 signaling leads to mushroom
spine loss (Sun et al., 2014), defective spatial learning (Berna-
Erro et al., 2009) and has been identiﬁed in aging brain mice
and sporadic AD human brains (Sun et al., 2014). Importantly,
overexpression of Stim2 rescues both its downstream signal-
ing cascade and dendritic spine morphology (Sun et al., 2014).
Furthermore, a recent investigation showed that HEK cells sta-
bly over-expressing Stim1 and Orai1 display a drastic reduction
in the generation and secretion of Aβ peptides (Zeiger et al.,
2013). However, there are no data about their involvement in
AD pathogenesis in murine models or human specimens of
this disease, yet. Nevertheless, additional evidence suggests that
Orai1, as well as Stim2, may be crucial for the pathogenesis
of neurodegenerative diseases and in traumatic brain injury.
Accordingly, Stim2 underpins the glutamate-induced choles-
terol loss in rat hippocampus that features both acute neuronal
injury or AD and Parkinson’s disease. Excessive glutamatergic
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neurotransmission induces a massive Stim2-dependent increase
in post-synaptic spines that causes the enzyme cholesterol 24-
hydroxylase (CYP46A1) to translocate from ER to PM and
remove cholesterol (Sodero et al., 2012). Exaggerated glutamater-
gic stimulation may also deplete neurons of glutathione (GSH),
thereby triggering a speciﬁc program of cell death termed oxy-
tosis through an increase in reactive oxygen species (ROS) and
a late phase of extracellular Ca2+ entry. A recent study further
showed that ROS-induced Ca2+ inﬂux in the mouse hippocam-
pal cell line HT22 requires a functional Orai1, but not Stim1
or Stim2 (Henke et al., 2013). This result would make physio-
logical sense as Orai1 does not seem to be regulated by any of
the ER Ca2+ sensors in mouse hippocampus, but it has been
clearly linked to oxidative stress in other cell types (Bogeski et al.,
2010). Stim1 and Stim2 have also been implicated in neuro-
logical disorders: they are both up-regulated in dentate gyrus,
CA1 and CA3 regions of chronic epileptic mice and in a hip-
pocampal sample from a subject with medial temporal lobe
epilepsy (Steinbeck et al., 2011). Moreover, 2-APB and ML-9,
two rather non-selective SOCE inhibitors (Parekh, 2010; Moccia
et al., 2014a), abolish interictal spikes and rhythmize epilep-
tic burst activity in organotypic epileptic hippocampal slices
(Steinbeck et al., 2011). This implies that SOCE stimulates neu-
ronal excitability per se or by activating Ca2+-dependent depolar-
izing channels, such as Transient Receptor Potential Melastatin
4 (TRPM4) or TRPM5 (Guinamard et al., 2010). Therefore,
these preliminary ﬁndings indicate that SOCE is altered in sev-
eral major neural diseases in the man, thereby hinting at Stim
and Orai proteins as novel targets to be probed in the quest
of alternative treatments for neurological and neurodegenerative
disorders.
Conclusion
It has long been thought that excitable cells, including neurons,
do not require SOCE to replenish their endogenous Ca2+ stores
and regulate cell behavior (Putney, 2003). Nevertheless, it is now
clear that Stim and Orai proteins are expressed in brain neu-
rons and control a growing number of functions (Figure 1). We
have the opportunity to witness the beginning of a new era in the
study of neuronal Ca2+ dynamics. This is why only scarce prelim-
inary information is currently available regarding the localization
and pathophysiological roles served by the diverse Stim and Orai
isoforms in central neurons.
First, there is a tissue- and species-dependent pattern of
expression. In the mouse, which provides a multitude of trans-
genic models suited for the investigation of cognitive process in
health and disease, Stim1 reaches the highest expression levels
in the cerebellum, while Stim2 is far more abundant in the hip-
pocampus. This is consistent with preliminary ﬁndings implicat-
ing Stim1 in the control of motor coordination (Hartmann et al.,
2014) and Stim2 in memory acquisition and storage (Berna-Erro
et al., 2009; Sun et al., 2014).
Second, both Stim1 (cerebellum) and Stim2 (cortex and hip-
pocampus) trigger SOCE in mouse central neurons even in the
absence of synaptic activity (Table 4). This feature is surprising
when considering that Stim2, but not Stim1, activates Ca2+
inﬂow in response to mild-store depletion in other cell types. It
turns out that Stim2 should activate basal SOCE in cerebellum
as well. However, Stim1 is far more abundant in this region than
in other brain areas. Moreover, the ER becomes rapidly depleted
of Ca2+ in the absence of Ca2+ inﬂux in mouse cerebellar gran-
ule cells (Lalonde et al., 2014): this suggests that ER Ca2+ levels
are very low in these cells and might, therefore, rapidly reach the
threshold for Stim1 activation. The use of genetic indicators of ER
Ca2+ concentration will be useful to assess whether [Ca2+]ER dif-
fers between mouse cerebellum (supposed to be lower due to the
constitutive activation of Stim1) and cortex/hippocampus (sup-
posed to be higher due to the constitutive activation of Stim2).
The situation is clearer in rat neurons, in which Stim1 and
Stim2 accomplish two distinct roles: Stim2 gates resting Ca2+
entry, whereas Stim1 elicits Ca2+ inﬂow in response to larger ER
depletion (Table 4).
Third, there is no evidence that Orai1 mediates SOCE in
mouse brain neurons, in which Orai2 stands out as the most likely
candidate to gate Ca2+ in response to ER emptying (Table 4).
This issue gains more relevance when considering that no clear-
cut role has hitherto been attributed to this isoform in any
cell type (Hoth and Niemeyer, 2013). However, it will be nec-
essary to conﬁrm this hypothesis in Orai2-deﬁcient neurons
isolated from brain regions other than the cerebellum (Hartmann
et al., 2014), such as cortex and hippocampus. Conversely, Orai1
seems to form the store-operated channel pore in rat neurons
(Gruszczynska-Biegala et al., 2011). One further question arises
as to the role played by Stim1 and Orai1 in mouse cortex. As
illustrated in the paragraph entitled “Evidence about Stim- and
Orai-mediatedCa2+ entry in brain neurons,” Stim1 andOrai1 co-
localize in response to ER depletion, but do not mediate SOCE, in
mouse cortical and hippocampal neurons. We suggest that Stim1
and Orai1 fulﬁll alternative functions in these cells. This hypoth-
esis is corroborated by several evidences illustrated throughout
the text. For instance, Orai1 could be recruited by Stim1 into
discrete puncta in order to be activated by an additional stimu-
lus, such as oxidative stress (Henke et al., 2013). On the other
hand, Stim1 does not only activate Orai1: it also regulates the
expression and activity of CaV1.2 and CaV3.1 and associates with
several members of the TRPC family (Lee et al., 2010), including
TRPC3 (Hartmann et al., 2014). Furthermore, Orai1 and Orai3
were recently shown to control cell proliferation independently
of Ca2+ entry in HEK293 cells; this unexpected ﬁnding was
explained by proposing that an integral element of the channel
protein harbors an enzyme domain or acts as a scaﬀold for other
signaling molecules (Borowiec et al., 2014). Therefore, the inter-
actome of Stim1 and Orai1 should be carefully evaluated in order
to obtain key insights on how such protein controls neuronal
processes (Munaron, 2014).
Fourth, despite the fact that Stim1, Stim2, Orai1, and Orai2
were shown to mediate SOCE in brain neurons, no study has
attempted to measure ICRAC in these cells. Recording ICRAC is
a demanding challenge due to the tiny conductance (in the fS
range) of the underlying channel, which generates sub-pA cur-
rents in the whole-cell mode of patch-clamp and often fall below
the resolving power of current ampliﬁers (Beech, 2009). This task
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could become even more arduous in neurons which express a
complex battery of high conductances (in the pS range) VOCs
and ROCs that should be fully inhibited before recording such
an exceedingly small current. Nevertheless, addressing the bio-
physical features of ICRAC in naïve neurons (for instance, in ex
vivo brain slices) could conﬁrm the notion that Orai2 and Orai1
mediate SOCE, respectively, in mouse and rat by exploiting their
electrophysiological diﬀerences (Table 1).
We foresee that future work will unveil new yet undiscov-
ered aspects of the pathophysiological role fulﬁlled by Stim and
Orai proteins in central neurons. For instance, SOCE amplitude
is dramatically enhanced in cerebellar granule neurons obtained
from cellular prion protein (PRPc)-KO mice (Lazzari et al., 2011)
and in HD medium spiny striatal neurons (MSNs; Wu et al.,
2011); however, the role of Stim and Orai proteins has not been
evaluated in these models. Nevertheless, there are enough data
available to predict that these proteins will provide the molecular
target to devise alternative therapies of life-threatening neurode-
generative disorders. Exciting developments are expected in the
ﬁeld: future research will certainly dissect the role of Stim and
Orai proteins in the pathophysiological regulation of neuronal
Ca2+ homeostasis and excitability.
References
Abdullaev, I. F., Bisaillon, J. M., Potier, M., Gonzalez, J. C., Motiani, R. K.,
and Trebak, M. (2008). Stim1 and Orai1 mediate CRAC currents and store-
operated calcium entry important for endothelial cell proliferation. Circ. Res.
103, 1289–1299. doi: 10.1161/01.RES.0000338496.95579.56
Baba, A., Yasui, T., Fujisawa, S., Yamada, R. X., Yamada, M. K., Nishiyama, N.,
et al. (2003). Activity-evoked capacitative Ca2+ entry: implications in synaptic
plasticity. J. Neurosci. 23, 7737–7741.
Bandyopadhyay, B. C., Pingle, S. C., and Ahern, G. P. (2011). Store-operated Ca2+
signaling in dendritic cells occurs independently of STIM1. J. Leukoc. Biol. 89,
57–62. doi: 10.1189/jlb.0610381
Beech, D. J. (2009). Harmony and discord in endothelial calcium entry. Circ. Res.
104, E22–E23. doi: 10.1161/CIRCRESAHA.108.191338
Berna-Erro, A., Braun, A., Kraft, R., Kleinschnitz, C., Schuhmann, M. K.,
Stegner, D., et al. (2009). STIM2 regulates capacitive Ca2+ entry in neurons
and plays a key role in hypoxic neuronal cell death. Sci. Signal. 2, ra67. doi:
10.1126/scisignal.2000522
Berra-Romani, R., Avelino-Cruz, J. E., Raqeeb, A., Della Corte, A., Cinelli, M.,
Montagnani, S., et al. (2013). Ca2+-dependentnitric oxide release in the injured
endothelium of excised rat aorta: a promising mechanism applying in vas-
cular prosthetic devices in aging patients. BMC Surg 13(Suppl. 2):S40. doi:
10.1186/1471-2482-13-S2-S40
Berridge, M. J. (1998). Neuronal calcium signaling. Neuron 21, 13–26. doi:
10.1016/S0896-6273(00)80510-3
Bezprozvanny, I., and Hiesinger, P. R. (2013). The synaptic maintenance prob-
lem: membrane recycling, Ca2+ homeostasis and late onset degeneration.Mol.
Neurodegener. 8:23. doi: 10.1186/1750-1326-8-23
Bogeski, I., Kummerow, C., Al-Ansary, D., Schwarz, E. C., Koehler, R., Kozai, D.,
et al. (2010). Diﬀerential redox regulation of ORAI ion channels: a mecha-
nism to tune cellular calcium signaling. Sci. Signal. 3:ra24. doi: 10.1126/scisig-
nal.2000672
Borowiec, A. S., Bidaux, G., Tacine, R., Dubar, P., Pigat, N., Delcourt, P.,
et al. (2014). Are Orai1 and Orai3 channels more important than cal-
cium inﬂux for cell proliferation? Biochim. Biophys. Acta 1843, 464–472. doi:
10.1016/j.bbamcr.2013.11.023
Bourne, J., and Harris, K. M. (2007). Do thin spines learn to be mush-
room spines that remember? Curr. Opin. Neurobiol. 17, 381–386. doi:
10.1016/j.conb.2007.04.009
Brandman, O., Liou, J., Park, W. S., and Meyer, T. (2007). STIM2 is a feedback
regulator that stabilizes basal cytosolic and endoplasmic reticulum Ca2+ levels.
Cell 131, 1327–1339. doi: 10.1016/j.cell.2007.11.039
Cahalan, M. D. (2010). Cell biology. How to STIMulate calcium channels. Science
330, 43–44. doi: 10.1126/science.1196348
Catterall, W. A. (2011). Voltage-gated calcium channels. Cold
Spring Harb. Perspect. Biol. 3:a003947. doi: 10.1101/cshperspect.
a003947
Chang, W. C., and Parekh, A. B. (2004). Close functional coupling between
Ca2+ release-activated Ca2+ channels, arachidonic acid release, and leukotriene
C4 secretion. J. Biol. Chem. 279, 29994–29999. doi: 10.1074/jbc.M403
969200
Clapham, D. E. (2007). Calcium signaling. Cell 131, 1047–1058. doi:
10.1016/j.cell.2007.11.028
Courjaret, R., and Machaca, K. (2012). STIM and Orai in cellular proliferation and
division. Front. Biosci. 4:331–341. doi: 10.2741/E380
Cueni, L., Canepari, M., Adelman, J. P., and Lüthi, A. (2009). Ca(2+) signaling
by T-type Ca(2+) channels in neurons. Pflugers Arch. 457, 1161–1172. doi:
10.1007/s00424-008-0582-6
DeHaven, W. I., Smyth, J. T., Boyles, R. R., and Putney, J. W. (2007). Calcium
inhibition and calcium potentiation of Orai1, Orai2, and Orai3 calcium
release-activated calcium channels. J. Biol. Chem. 282, 17548–17556. doi:
10.1074/jbc.M611374200
Deller, T., Korte, M., Chabanis, S., Drakew, A., Schwegler, H., Stefani, G. G.,
et al. (2003). Synaptopodin-deﬁcient mice lack a spine apparatus and show
deﬁcits in synaptic plasticity. Proc. Natl. Acad. Sci. U.S.A. 100, 10494–10499.
doi: 10.1073/pnas.1832384100
Di Buduo, C. A., Moccia, F., Battiston, M., De Marco, L., Mazzucato, M.,
Moratti, R., et al. (2014). The importance of calcium in the regulation of
megakaryocyte function. Haematologica 99, 769–778. doi: 10.3324/haema-
tol.2013.096859
Dragoni, S., Laforenza, U., Bonetti, E., Lodola, F., Bottino, C., Berra-Romani, R.,
et al. (2011). Vascular endothelial growth factor stimulates endothelial colony
forming cells proliferation and tubulogenesis by inducing oscillations in
intracellular Ca2+ concentration. Stem Cells 29, 1898–1907. doi: 10.1002/
stem.734
Dubois, C., Vanden Abeele, F., Lehen’kyi, V., Gkika, D., Guarmit, B., Lepage, G.,
et al. (2014). Remodeling of channel-forming ORAI proteins determines
an oncogenic switch in prostate cancer. Cancer Cell 26, 19–32. doi:
10.1016/j.ccr.2014.04.025
Dziadek, M. A., and Johnstone, L. S. (2007). Biochemical properties and
cellular localisation of STIM proteins. Cell Calcium 42, 123–132. doi:
10.1016/j.ceca.2007.02.006
Emptage, N., Bliss, T. V., and Fine, A. (1999). Single synaptic events evoke
NMDA receptor-mediated release of calcium from internal stores in hip-
pocampal dendritic spines. Neuron 22, 115–124. doi: 10.1016/S0896-6273(00)
80683-2
Emptage, N. J., Reid, C. A., and Fine, A. (2001). Calcium stores in hippocam-
pal synaptic boutons mediate short-term plasticity, store-operated Ca2+ entry,
and spontaneous transmitter release. Neuron 29, 197–208. doi: 10.1016/S0896-
6273(01)00190-8
Fanger, C. M., Hoth, M., Crabtree, G. R., and Lewis, R. S. (1995). Characterization
of T cell mutants with defects in capacitative calcium entry: genetic evidence
for the physiological roles of CRAC channels. J. Cell Biol. 131, 655–667. doi:
10.1083/jcb.131.3.655
Feske, S., Gwack, Y., Prakriya, M., Srikanth, S., Puppel, S. H., Tanasa, B., et al.
(2006). A mutation in Orai1 causes immune deﬁciency by abrogating CRAC
channel function. Nature 441, 179–185. doi: 10.1038/nature04702
Gall, D., Prestori, F., Sola, E., D’Errico, A., Roussel, C., Forti, L., et al. (2005).
Intracellular calcium regulation by burst discharge determines bidirectional
long-term synaptic plasticity at the cerebellum input stage. J. Neurosci. 25,
4813–4822. doi: 10.1523/JNEUROSCI.0410-05.2005
Garaschuk, O., Yaari, Y., and Konnerth, A. (1997). Release and sequestration of
calcium by ryanodine-sensitive stores in rat hippocampal neurones. J. Physiol.
502(Pt 1), 13–30. doi: 10.1111/j.1469-7793.1997.013bl.x
Graham, S. J., Dziadek, M. A., and Johnstone, L. S. (2011). A cytosolic
STIM2 preprotein created by signal peptide ineﬃciency activates ORAI1
Frontiers in Cellular Neuroscience | www.frontiersin.org 11 April 2015 | Volume 9 | Article 153
Moccia et al. Stim and Orai in brain neurons
in a store-independent manner. J. Biol. Chem. 286, 16174–16185. doi:
10.1074/jbc.M110.206946
Gross, S. A., Wissenbach, U., Philipp, S. E., Freichel, M., Cavalié, A., and
Flockerzi, V. (2007). Murine ORAI2 splice variants form functional Ca2+
release-activated Ca2+ (CRAC) channels. J. Biol. Chem. 282, 19375–19384. doi:
10.1074/jbc.M701962200
Gruszczynska-Biegala, J., and Kuznicki, J. (2013). Native STIM2 and ORAI1 pro-
teins form a calcium-sensitive and thapsigargin-insensitive complex in cortical
neurons. J. Neurochem. 126, 727–738. doi: 10.1111/jnc.12320
Gruszczynska-Biegala, J., Pomorski, P., Wisniewska,M. B., and Kuznicki, J. (2011).
Diﬀerential roles for STIM1 and STIM2 in store-operated calcium entry in rat
neurons. PLoS ONE 6:e19285. doi: 10.1371/journal.pone.0019285
Guinamard, R., Demion, M., and Launay, P. (2010). Physiological roles of the
TRPM4 channel extracted from background currents. Physiology 25, 155–164.
doi: 10.1152/physiol.00004.2010
Gwack, Y., Srikanth, S., Feske, S., Cruz-Guilloty, F., Oh-hora, M., Neems, D. S.,
et al. (2007). Biochemical and functional characterization of Orai proteins.
J. Biol. Chem. 282, 16232–16243. doi: 10.1074/jbc.M609630200
Hagenston, A. M., and Bading, H. (2011). Calcium signaling in synapse-to-nucleus
communication. Cold Spring Harb. Perspect. Biol. 3:a004564. doi: 10.1101/csh-
perspect.a004564
Harraz, O. F., and Altier, C. (2014). STIM1-mediated bidirectional regula-
tion of Ca(2+) entry through voltage-gated calcium channels (VGCC) and
calcium-release activated channels (CRAC). Front. Cell Neurosci. 8:43. doi:
10.3389/fncel.2014.00043
Hartmann, J., Karl, R. M., Alexander, R. P., Adelsberger, H., Brill, M. S.,
Rühlmann, C., et al. (2014). STIM1 controls neuronal Ca2? signaling, mGluR1-
dependent synaptic transmission, and cerebellar motor behavior. Neuron 82,
635–644. doi: 10.1016/j.neuron.2014.03.027
Henke, N., Albrecht, P., Bouchachia, I., Ryazantseva, M., Knoll, K., Lewerenz, J.,
et al. (2013). The plasma membrane channel ORAI1 mediates detrimental cal-
cium inﬂux caused by endogenous oxidative stress. Cell Death Dis. 4:e470. doi:
10.1038/cddis.2012.216
Higley, M. J., and Sabatini, B. L. (2012). Calcium signaling in dendritic
spines. Cold Spring Harb. Perspect. Biol. 4:a005686. doi: 10.1101/cshperspect.
a005686
Hogan, P. G., Lewis, R. S., and Rao, A. (2010). Molecular basis of calcium signal-
ing in lymphocytes: STIM and ORAI. Annu. Rev. Immunol. 28, 491–533. doi:
10.1146/annurev.immunol.021908.132550
Hooper, R., Rothberg, B. S., and Soboloﬀ, J. (2014). Neuronal STIMulation at rest.
Sci. Signal. 7:pe18. doi: 10.1126/scisignal.2005556
Hoth, M., and Niemeyer, B. A. (2013). The neglected CRAC proteins: Orai2, Orai3,
and STIM2. Curr. Top. Membr. 71, 237–271. doi: 10.1016/B978-0-12-407870-
3.00010-X
Kar, P., Nelson, C., and Parekh, A. B. (2012). CRAC channels drive digital activation
and provide analog control and synergy to Ca(2+)-dependent gene regulation.
Curr. Biol. 22, 242–247. doi: 10.1016/j.cub.2011.12.025
Kar, P., Samanta, K., Kramer, H., Morris, O., Bakowski, D., and Parekh,
A. B. (2014). Dynamic assembly of a membrane signaling complex enables
selective activation of NFAT by Orai1. Curr. Biol. 24, 1361–1368. doi:
10.1016/j.cub.2014.04.046
Keil, J. M., Shen, Z., Briggs, S. P., and Patrick, G. N. (2010). Regulation of STIM1
and SOCE by the ubiquitin-proteasome system (UPS). PLoS ONE 5:e13465. doi:
10.1371/journal.pone.0013465
Klejman, M. E., Gruszczynska-Biegala, J., Skibinska-Kijek, A., Wisniewska, M. B.,
Misztal, K., Blazejczyk, M., et al. (2009). Expression of STIM1 in brain and
puncta-like co-localization of STIM1 and ORAI1 upon depletion of Ca(2+)
store in neurons. Neurochem. Int. 54, 49–55. doi: 10.1016/j.neuint.2008.10.005
Korkotian, E., Frotscher, M., and Segal, M. (2014). Synaptopodin regulates spine
plasticity: mediation by calcium stores. J. Neurosci. 34, 11641–11651. doi:
10.1523/JNEUROSCI.0381-14.2014
Lalonde, J., Saia, G., and Gill, G. (2014). Store-operated calcium entry promotes
the degradation of the transcription factor Sp4 in resting neurons. Sci. Signal.
7:ra51. doi: 10.1126/scisignal.2005242
Landolﬁ, B., Curci, S., Debellis, L., Pozzan, T., and Hofer, A.M. (1998). Ca2+ home-
ostasis in the agonist-sensitive internal store: functional interactions between
mitochondria and the ER measured In situ in intact cells. J. Cell. Biol. 142,
1235–1243. doi: 10.1083/jcb.142.5.1235
Lazzari, C., Peggion, C., Stella, R., Massimino, M. L., Lim, D., Bertoli, A., et al.
(2011). Cellular prion protein is implicated in the regulation of local Ca2+
movements in cerebellar granule neurons. J. Neurochem. 116, 881–890. doi:
10.1111/j.1471-4159.2010.07015.x
Lee, K. P., Yuan, J. P., So, I., Worley, P. F., and Muallem, S. (2010). STIM1-
dependent and STIM1-independent function of transient receptor potential
canonical (TRPC) channels tunes their store-operatedmode. J. Biol. Chem. 285,
38666–38673. doi: 10.1074/jbc.M110.155036
Leissring, M. A., Akbari, Y., Fanger, C. M., Cahalan, M. D., Mattson, M. P., and
LaFerla, F. M. (2000). Capacitative calcium entry deﬁcits and elevated luminal
calcium content in mutant presenilin-1 knockin mice. J. Cell Biol. 149, 793–798.
doi: 10.1083/jcb.149.4.793
Lis, A., Peinelt, C., Beck, A., Parvez, S., Monteilh-Zoller, M., Fleig, A.,
et al. (2007). CRACM1, CRACM2, and CRACM3 are store-operated Ca2+
channels with distinct functional properties. Curr. Biol. 17, 794–800. doi:
10.1016/j.cub.2007.03.065
Lodola, F., Laforenza, U., Bonetti, E., Lim, D., Dragoni, S., Bottino, C., et al. (2012).
Store-operated Ca2+ entry is remodelled and controls in vitro angiogenesis in
endothelial progenitor cells isolated from tumoral patients. PLoSONE 7:e42541.
doi: 10.1371/journal.pone.0042541
Lüscher, C., and Malenka, R. C. (2012). NMDA receptor-dependent long-term
potentiation and long-term depression (LTP/LTD). Cold Spring Harb. Perspect.
Biol. 4, pii:a005710. doi: 10.1101/cshperspect.a005710
Manji, S. S., Parker, N. J., Williams, R. T., van Stekelenburg, L., Pearson,
R. B., Dziadek, M., et al. (2000). STIM1: a novel phosphoprotein located at
the cell surface. Biochim. Biophys. Acta 1481, 147–155. doi: 10.1016/S0167-
4838(00)00105-9
Matsuzaki, M. (2007). Factors critical for the plasticity of dendritic spines
and memory storage. Neurosci. Res. 57, 1–9. doi: 10.1016/j.neures.2006.
09.017
Moccia, F., Dragoni, S., Lodola, F., Bonetti, E., Bottino, C., Guerra, G., et al.
(2012). Store-dependent Ca(2+) entry in endothelial progenitor cells as a
perspective tool to enhance cell-based therapy and adverse tumour vas-
cularization. Curr. Med. Chem. 19, 5802–5818. doi: 10.2174/092986712804
143240
Moccia, F., Dragoni, S., Poletto, V., Rosti, V., Tanzi, F., Ganini, C., et al.
(2014a). Orai1 and transient receptor potential channels as novel molec-
ular targets to impair tumor neovascularisation in renal cell carcinoma
and other malignancies. Anticancer. Agents Med. Chem. 14, 296–312. doi:
10.2174/18715206113139990315
Moccia, F., Lodola, F., Dragoni, S., Bonetti, E., Bottino, C., Guerra, G., et al. (2014b).
Ca2+ signalling in endothelial progenitor cells: a novel means to improve cell-
based therapy and impair tumour vascularisation. Curr. Vasc. Pharmacol. 12,
87–105. doi: 10.2174/157016111201140327162858
Moccia, F., Tanzi, F., and Munaron, L. (2014c). Endothelial remodelling
and intracellular calcium machinery. Curr. Mol. Med. 14, 457–480. doi:
10.2174/1566524013666131118113410
Motiani, R. K., Zhang, X., Harmon, K. E., Keller, R. S., Matrougui, K., Bennett,
J. A., et al. (2013). Orai3 is an estrogen receptor α-regulated Ca2? chan-
nel that promotes tumorigenesis. FASEB J. 27, 63–75. doi: 10.1096/fj.12-
213801
Munaron, L. (2014). Systems biology of ion channels and transporters
in tumor angiogenesis: an omics view. Biochim. Biophys. Acta doi:
10.1016/j.bbamem.2014.10.031 [Epub ahead of print].
Ng, A. N., Krogh, M., and Toresson, H. (2011). Dendritic EGFP-STIM1 activa-
tion after type I metabotropic glutamate and muscarinic acetylcholine receptor
stimulation in hippocampal neuron. J. Neurosci. Res. 89, 1235–1244. doi:
10.1002/jnr.22648
Nguyen, N., Biet, M., Simard, E., Béliveau, E., Francoeur, N., Guillemette, G.,
et al. (2013). STIM1 participates in the contractile rhythmicity of HL-1 cells
by moderating T-type Ca(2+) channel activity. Biochim. Biophys. Acta 1833,
1294–1303. doi: 10.1016/j.bbamcr.2013.02.027
Paoletti, P., Bellone, C., and Zhou, Q. (2013). NMDA receptor subunit diver-
sity: impact on receptor properties, synaptic plasticity and disease. Nat. Rev.
Neurosci. 14, 383–400. doi: 10.1038/nrn3504
Parekh, A. B. (2009). Local Ca2+ inﬂux through CRAC channels activates tempo-
rally and spatially distinct cellular responses. Acta Physiol. (Oxf.) 195, 29–35.
doi: 10.1111/j.1748-1716.2008.01919.x
Frontiers in Cellular Neuroscience | www.frontiersin.org 12 April 2015 | Volume 9 | Article 153
Moccia et al. Stim and Orai in brain neurons
Parekh, A. B. (2010). Store-operated CRAC channels: function in
health and disease. Nat. Rev. Drug Discov. 9, 399–410. doi: 10.1038/
nrd3136
Parekh, A. B. (2011). Decoding cytosolic Ca2+ oscillations. Trends Biochem. Sci.
36, 78–87. doi: 10.1016/j.tibs.2010.07.013
Parekh, A. B., and Putney, J. W. (2005). Store-operated calcium channels. Physiol.
Rev. 85, 757–810. doi: 10.1152/physrev.00057.2003
Park, C. Y., Shcheglovitov, A., and Dolmetsch, R. (2010). The CRAC channel acti-
vator STIM1 binds and inhibits L-type voltage-gated calcium channels. Science
330, 101–105. doi: 10.1126/science.1191027
Pinacho, R., Villalmanzo, N., Lalonde, J., Haro, J. M., Meana, J. J., Gill, G., et al.
(2011). The transcription factor SP4 is reduced in postmortem cerebellum of
bipolar disorder subjects: control by depolarization and lithium. Bipolar Disord.
13, 474–485. doi: 10.1111/j.1399-5618.2011.00941.x
Popugaeva, E., and Bezprozvanny, I. (2013). Role of endoplasmic reticulum Ca2+
signaling in the pathogenesis of Alzheimer disease. Front. Mol. Neurosci. 6:29.
doi: 10.3389/fnmol.2013.00029
Popugaeva, E., and Bezprozvanny, I. (2014). Can the calcium hypothesis explain
synaptic loss in Alzheimer’s disease? Neurodegener. Dis. 13, 139–141. doi:
10.1159/000354778
Potier, M., and Trebak, M. (2008). New developments in the signaling mechanisms
of the store-operated calcium entry pathway. Pflugers Arch. 457, 405–415. doi:
10.1007/s00424-008-0533-2
Prakriya, M. (2009). The molecular physiology of CRAC channels. Immunol. Rev.
231, 88–98. doi: 10.1111/j.1600-065X.2009.00820.x
Putney, J. W. (2003). Capacitative calcium entry in the nervous system. Cell
Calcium 34, 339–344. doi: 10.1016/S0143-4160(03)00143-X
Ris, L., Dewachter, I., Reversé, D., Godaux, E., and Van Leuven, F. (2003).
Capacitative calcium entry induces hippocampal long term potentiation
in the absence of presenilin-1. J. Biol. Chem. 278, 44393–44399. doi:
10.1074/jbc.M300971200
Roos, J., DiGregorio, P. J., Yeromin, A. V., Ohlsen, K., Lioudyno, M., Zhang, S.,
et al. (2005). STIM1, an essential and conserved component of store-operated
Ca2+ channel function. J. Cell Biol. 169, 435–445. doi: 10.1083/jcb.200
502019
Sala, C., and Segal, M. (2014). Dendritic spines: the locus of structural and
functional plasticity. Physiol. Rev. 94, 141–188. doi: 10.1152/physrev.00
012.2013
Saliba, Y., Keck, M., Marchand, A., Atassi, F., Ouillé, A., Cazorla, O., et al. (2015).
Emergence of Orai3 activity during cardiac hypertrophy. Cardiovasc. Res. 105,
248–259. doi: 10.1093/cvr/cvu207
Sánchez-Hernández, Y., Laforenza, U., Bonetti, E., Fontana, J., Dragoni, S.,
Russo, M., et al. (2010). Store-operated Ca(2+) entry is expressed in
human endothelial progenitor cells. Stem Cells Dev. 19, 1967–1981. doi:
10.1089/scd.2010.0047
Schuhmann, M. K., Stegner, D., Berna-Erro, A., Bittner, S., Braun, A.,
Kleinschnitz, C., et al. (2010). Stromal interaction molecules 1 and 2 are key
regulators of autoreactive T cell activation in murine autoimmune central
nervous system inﬂammation. J. Immunol. 184, 1536–1542. doi: 10.4049/jim-
munol.0902161
Segal, M., and Korkotian, E. (2014). Endoplasmic reticulum calcium stores
in dendritic spines. Front. Neuroanat. 8:64. doi: 10.3389/fnana.2014.
00064
Shaw, P. J., Qu, B., Hoth, M., and Feske, S. (2013). Molecular regulation of
CRAC channels and their role in lymphocyte function. Cell. Mol. Life Sci. 70,
2637–2656. doi: 10.1007/s00018-012-1175-2
Shim, A. H., Tirado-Lee, L., and Prakriya, M. (2015). Structural and func-
tional mechanisms of CRAC channel regulation. J. Mol. Biol. 427, 77–93. doi:
10.1016/j.jmb.2014.09.021
Shinde, A. V., Motiani, R. K., Zhang, X., Abdullaev, I. F., Adam, A. P., González-
Cobos, J. C., et al. (2013). STIM1 controls endothelial barrier function inde-
pendently of Orai1 and Ca2+ entry. Sci. Signal. 6:ra18. doi: 10.1126/scisig-
nal.2003425
Shuttleworth, T. J. (2012). Orai3–the ‘exceptional’ Orai? J. Physiol. 590, 241–257.
doi: 10.1113/jphysiol.2011.220574
Skibinska-Kijek, A., Wisniewska, M. B., Gruszczynska-Biegala, J., Methner, A., and
Kuznicki, J. (2009). Immunolocalization of STIM1 in the mouse brain. Acta
Neurobiol. Exp. (Wars.) 69, 413–428.
Sodero, A. O., Vriens, J., Ghosh, D., Stegner, D., Brachet, A., Pallotto, M., et al.
(2012). Cholesterol loss during glutamate-mediated excitotoxicity. EMBO J. 31,
1764–1773. doi: 10.1038/emboj.2012.31
Steinbeck, J. A., Henke, N., Opatz, J., Gruszczynska-Biegala, J., Schneider, L.,
Theiss, S., et al. (2011). Store-operated calcium entry modulates neuronal net-
work activity in a model of chronic epilepsy. Exp. Neurol. 232, 185–194. doi:
10.1016/j.expneurol.2011.08.022
Sun, S., Zhang, H., Liu, J., Popugaeva, E., Xu, N. J., Feske, S., et al. (2014). Reduced
synaptic STIM2 expression and impaired store-operated calcium entry cause
destabilization of mature spines in mutant presenilin mice. Neuron 82, 79–93.
doi: 10.1016/j.neuron.2014.02.019
Umemura, M., Baljinnyam, E., Feske, S., De Lorenzo, M. S., Xie, L. H., Feng, X.,
et al. (2014). Store-operated Ca2+ entry (SOCE) regulates melanoma prolif-
eration and cell migration. PLoS ONE 9:e89292. doi: 10.1371/journal.pone.
0089292
Usachev, Y. M., and Thayer, S. A. (1997). All-or-none Ca2+ release from intracellu-
lar stores triggered by Ca2+ inﬂux through voltage-gated Ca2+ channels in rat
sensory neurons. J. Neurosci. 17, 7404–7414.
Verkhratsky, A. (2005). Physiology and pathophysiology of the calcium store
in the endoplasmic reticulum of neurons. Physiol. Rev. 85, 201–279. doi:
10.1152/physrev.00004.2004
Vig, M., Peinelt, C., Beck, A., Koomoa, D. L., Rabah, D., Koblan-Huberson, M.,
et al. (2006). CRACM1 is a plasma membrane protein essential for
store-operated Ca2+ entry. Science 312, 1220–1223. doi: 10.1126/science.1
127883
Vlachos, A., Korkotian, E., Schonfeld, E., Copanaki, E., Deller, T., and Segal, M.
(2009). Synaptopodin regulates plasticity of dendritic spines in hippocampal
neurons. J. Neurosci. 29, 1017–1033. doi: 10.1523/JNEUROSCI.5528-08.2009
Voelkers, M., Salz, M., Herzog, N., Frank, D., Dolatabadi, N., Frey, N., et al.
(2010). Orai1 and Stim1 regulate normal and hypertrophic growth in car-
diomyocytes. J. Mol. Cell Cardiol. 48, 1329–1334. doi: 10.1016/j.yjmcc.2010.
01.020
Wang, Y., Deng, X., Mancarella, S., Hendron, E., Eguchi, S., Soboloﬀ, J.,
et al. (2010). The calcium store sensor, STIM1, reciprocally controls
Orai and CaV1.2 channels. Science 330, 105–109. doi: 10.1126/science.11
91086
Williams, R. T., Manji, S. S., Parker, N. J., Hancock, M. S., Van Stekelenburg, L.,
Eid, J. P., et al. (2001). Identiﬁcation and characterization of the STIM
(stromal interaction molecule) gene family: coding for a novel class of
transmembrane proteins. Biochem. J. 357, 673–685. doi: 10.1042/0264-6021:
3570673
Williams, R. T., Senior, P. V., Van Stekelenburg, L., Layton, J. E., Smith, P. J.,
and Dziadek, M. A. (2002). Stromal interaction molecule 1 (STIM1), a trans-
membrane protein with growth suppressor activity, contains an extracellular
SAM domain modiﬁed by N-linked glycosylation. Biochim. Biophys. Acta 1596,
131–137. doi: 10.1016/S0167-4838(02)00211-X
Wissenbach, U., Philipp, S. E., Gross, S. A., Cavalié, A., and Flockerzi, V.
(2007). Primary structure, chromosomal localization and expression in immune
cells of the murine ORAI and STIM genes. Cell Calcium 42, 439–446. doi:
10.1016/j.ceca.2007.05.014
Wu, J., Shih, H. P., Vigont, V., Hrdlicka, L., Diggins, L., Singh, C., et al.
(2011). Neuronal store-operated calcium entry pathway as a novel therapeu-
tic target for Huntington’s disease treatment. Chem. Biol. 18, 777–793. doi:
10.1016/j.chembiol.2011.04.012
Yamashita, M., Somasundaram, A., and Prakriya, M. (2011). Competitive
modulation of Ca2+ release-activated Ca2+ channel gating by STIM1
and 2-aminoethyldiphenyl borate. J. Biol. Chem. 286, 9429–9442. doi:
10.1074/jbc.M110.189035
Yeromin, A. V., Zhang, S. L., Jiang, W., Yu, Y., Safrina, O., and Cahalan,
M. D. (2006). Molecular identiﬁcation of the CRAC channel by altered ion
selectivity in a mutant of Orai. Nature 443, 226–229. doi: 10.1038/nature
05108
Yoo, A. S., Cheng, I., Chung, S., Grenfell, T. Z., Lee, H., Pack-Chung, E., et al.
(2000). Presenilin-mediated modulation of capacitative calcium entry. Neuron
27, 561–572. doi: 10.1016/S0896-6273(00)00066-0
Zeiger, W., Vetrivel, K. S., Buggia-Prévot, V., Nguyen, P. D., Wagner,
S. L., Villereal, M. L., et al. (2013). Ca2+ inﬂux through store-
operated Ca2+ channels reduces Alzheimer disease β-amyloid peptide
Frontiers in Cellular Neuroscience | www.frontiersin.org 13 April 2015 | Volume 9 | Article 153
Moccia et al. Stim and Orai in brain neurons
secretion. J. Biol. Chem. 288, 26955–26966. doi: 10.1074/jbc.M113.
473355
Zhang, S. L., Yu, Y., Roos, J., Kozak, J. A., Deerinck, T. J., Ellisman, M. H., et al.
(2005). STIM1 is a Ca2+ sensor that activates CRAC channels and migrates
from the Ca2+ store to the plasma membrane. Nature 437, 902–905. doi:
10.1038/nature04147
Zhou, X., Long, J. M., Geyer, M. A., Masliah, E., Kelsoe, J. R., Wynshaw-
Boris, A., et al. (2005). Reduced expression of the Sp4 gene in mice
causes deﬁcits in sensorimotor gating and memory associated with hip-
pocampal vacuolization. Mol. Psychiatry 10, 393–406. doi: 10.1038/sj.mp.40
01621
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or ﬁnancial relationships that could be
construed as a potential conﬂict of interest.
Copyright © 2015 Moccia, Zuccolo, Soda, Tanzi, Guerra, Mapelli, Lodola and
D’Angelo. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) or licensor are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
Frontiers in Cellular Neuroscience | www.frontiersin.org 14 April 2015 | Volume 9 | Article 153
